IntroductIon
C ancer is still a life-threatening disease and the second leading cause of death in the world. the successful treatment of cancer remains a challenging goal because of its nonselectivity, toxicity, and poor pharmacokinetic profiles. the development of novel, selective, and less toxic chemotherapeutic agents for cancer treatment is having an impact on recent research. [1] [2] [3] among the numerous validated targets used for the discovery of novel bioactive molecules, one well-studied/known target is the oncogene ras. 4 farnesyltransferase (ftase) modifies the oncogene ras through the farnesyl pyrophosphate intermediate by the farnesylation of a carboxyl terminus protein in the caaX (tetrapeptide motif). it is believed that the ras proteins involved in the control of cell growth and division could be related to the development of cancer by mutations in these proteins. 4 ,5 the inhibition of ftase enzyme activity can be a better target for anticancer drug development, and some ftase inhibitors, such as tipifarnib, lonafarnib, BMs214662, l-778-123, and sch44342, are currently being assessed in clinical trials for the treatment of human cancers. 5, 6 related to ongoing and continuing research in our laboratory, our research group has been directly involved for the past 8 years in the study of the ftase enzyme, focusing mainly on the catalytic mechanism (quantum mechanical studies) of this important enzyme and the development of novel ftase inhibitors. [7] [8] [9] [10] [11] the aim of this present investigation is to analyze the structural features (physicochemical properties) responsible for ftase inhibitory activity, as well as human ether-a-go-go-related gene (herg) blocking activity (predicted) and toxicity (predicted) of a series of arylthiophene derivatives. 12 a quantitative structure-activity relationship (Qsar) is one of the possible techniques to study the correlation between structural features of a set of compounds needed for the interaction with its targets and their biological activities. 13, 14 the literature analyses show that no Qsar report has been published on this series of compounds. herg encodes the major protein underlying the rapid delayed rectifier K + current in the heart. the blockade of this herg channel has been associated with the acquired long Qt syndrome (lQts), causing ventricular tachyarrhythmia and sudden cardiac death. nowadays, this is one of the main problems in drug design along with inappropriate adMe properties, and scientists must consider these issues while designing and developing novel bioactive moieties. 15 hence, in the present investigation, computation-based approaches such as Qsar and pharmacophore analysis were performed on these arylthiophene derivatives to determine the structural features responsible for ftase inhibitory activity, herg blocking activity, and toxicity. the present series has only limited compounds for the analysis, but the studies in this series will provide some useful information on the structural features responsible for ftase inhibitory activity and other toxic effects of these compounds.
MAtErIALS And MEtHodS
a series of arylthiophene derivatives exhibiting ftase inhibitory activity was considered for the present Qsar study 12 (table 1) . compounds with defined ftase inhibitory activity were considered only for the correlation analysis. the ftase inhibitory activity of the molecules was calculated as -logic 50 or pic 50 , to relate the quantitative correlation between the free energy changes and the structural features of the molecules.
the semi-empirical MOPac program and the quantum semiempirical method austin Model 1 (aM1) with 0.05 rMs gradients of the Molecular Operating environment (MOe) (chemical computing group, inc., Montreal, canada) software were used to optimize the structure of the molecules and to calculate the physicochemical descriptors for the molecules. a large number of theoretical molecular descriptors (2d and 3d) are available in the package to define the structural properties of molecules explicitly, and the Quasar module of the MOe software was used for descriptor calculation. 16 the herg blocking activity and toxicity (ld 50 ) values of all the compounds in the series were predicted using q-herg and q-tox software, respectively (Quantum Pharmaceuticals, Moscow, russia).
to quantify the correlation between the biological activities (ftase, herg, and ld 50 ) and the physicochemical descriptors, multiple linear regression (Mlr) analysis was performed using statistica 8.0 software (statsoft, inc., tulsa, OK). to reduce redundant and useless information, descriptors that possessed zero correlation with the dependent variable as well as descriptors that showed an intercorrelation above 0.5 were discarded from the analysis. the stepwise Mlr analysis was performed to refine the models by determining the relative importance of each variable and its statistical significance. the upper limit of the rule of thumb (six cases [compounds] per variable) was adopted in the analysis to reduce overfitting of the descriptors. 17 the significant Qsar models derived from Mlr analysis were selected for further validation studies by taking into account of high correlation coefficients (R or R 2 ), F test and t test values, and the significance of the descriptors included in the model building (variance inflation factor [Vif], durbin-Watson [dW], and beta coefficients). the selected Mlr models were validated to examine the self-consistency between them, which implies a quantitative assessment of the model's robustness and its predictive power.
the selected Mlr models were validated by leave one out (lOO), leave many out (lMO), Y-randomization, test set (external), and bootstrapping (Bs) validation techniques. 18, 19 lMO was carried out by dividing the training set compounds into groups (blocks) of n compounds. in this study, each block 20, 21 the bootstrapping validation was carried out by randomly splitting the data set several times (five times) as training and test sets, and the Mlr models developed with the training set (excluded test set) were used to predict the activities of the test set compounds. the predictive ability of the models was also quantified in terms of their corresponding Q 2 (lOO, lMO, Bs) , R 2 , Press, s Press , sdeP, and other correlation coefficient (R 2 0 , R 2 pred k or k′, etc.) values. the pharmacophore analysis of the data set was carried out using MOe software. the conformers of the data set were developed by a stochastic search with the following computational parameters (maximum number of conformers generated to 250, superpose rMsd to 0.15, and the fragment strain limit of 4 kcal/ mol). a pharmacophore search was performed on the conformers, using the aligned structure of the compounds in the series as pharmacophore query with aromatic/hydrophobic, hyd/acceptor/ donor, acc, and hyd as pharmacophore contours.
rESuLtS
Qsar analysis of arylthiophene derivatives was carried out to interpret the structural features responsible for ftase inhibitory activity, herg blocking activity, and toxicity (ld 50 ). Multiple linear regression analysis was performed to correlate these activities and physicochemical descriptors of the molecules. the Qsar results obtained from the analysis are given below. the models derived between activities such as predicted herg blocking activity and toxicity and the physicochemical descriptors are provided as models 3 and 4, respectively. the models derived for both activities are triparametric and were developed with 21 compounds. the statistically significant models (1-4) derived from the Mlr analysis were validated by different validation methods to examine the self-consistency, robustness, and predictive power of the models. the results derived from the various validation methods are provided in table 2.
dIScuSSIon the triparametric Qsar models 1 and 2 are correlated between the ftase inhibitory activity and the different type of physicochemical descriptors of the molecules. the squared correlation coefficient (R 2 ) for models 1 and 2 are 0.9272 and 0.8758, respectively, which suggests that the models possess significant fit for activity prediction and provide information that the observed activity has >87% variation.
the F test value indicates that the regression relations are not a chance fit but are a significant occurrence. the values within the parentheses that follow the calculated F test values are the tabulated values at 99% significance. t is the student t test , and the values within parentheses after the calculated values are the tabulated t test values at a 0.0005 confidence level. the F test and t test values have a large margin of difference from their respective tabulated values. this shows that the models are statistically significant for further validation, justifying their application to the activity prediction study.
in addition to models developed against the ftase inhibitory activity (models 1 and 2), model 3 also has significant statistical parameters, such as R 2 , F test , and t test values. Model 3 has a correlation coefficient (R 2 ) of 0.8785, and the F test and t test values are 99% and 99.5% significant, whereas model 4 is 99% and 95% significant for F test and t test values, respectively. however, model 4 has a comparatively lower correlation coefficient value (0.6404) than the previous models (1-3).
the Qsar models developed against ftase inhibitory activity show low s Press (0.4113 for model 1 and 0.5134 for model 2) and sdeP (0.3624 for model 1 and 0.4528 for model 2) values, revealing that the models provided small residual values between observed and predicted activities. the models constructed against the herg blocking activity and the toxicity of the compounds show comparatively better s Press and sdeP values than the models derived from ftase inhibitory activity. for models 3 and 4, the latter has small values, such as s Press (0.2955) and sdeP (0.2658), whereas the first exhibits values around 0.4. these values reveal that the constructed models have significant predictive capacity with small predictive errors. another parameter used to find the residual error between the observed and the predicted activity of the models is Press. in this analysis, models 1 to 3 give Press values between 2.4 and 3.9, whereas model 4 provides a value of 1.4843, which shows that the residual values for the activities of the models are smaller. the Q 2 values are important parameters regarding the predictive capacity of the models because they consider the residual values of the observed activity and its average values. a high Q 2 (e.g., Q 2 > 0.5) is one indicator that the model is significantly predictive. 18, 19, 22 the cross-validated correlation coefficients (Q 2 lOO , Q 2 lMO , and Q 2 Bs ) of the derived models 1 to 3 are >0.77, whereas model 4 has a value that is slightly below 0.5. the Q 2 values of the test set (Q 2 test ) compounds give >0.7 for the models (1 and 2) developed against ftase inhibitory activity and has >0.6 for herg blocking activity (model 3). this reveals that the selected models (1-3) have sufficient predictive power and self-consistency. the predictive abilities of the models are also confirmed by other correlation coefficient parameters. furthermore, at least one slope of regression lines (k or k′) through the origin should be close to 1. the calculated slope of regression lines (k and k′), given in table 2, shows that the models (1) (2) (3) (4) have k values of 1 and that the k′ value of models 1 to 3 is close to 0.99. Model 4, however, gives a k′ value of 0.7262. these results demonstrate that the slope of the regression lines of the equation passes through the origin. the Qsar models are considered acceptable 11, 22 if they satisfy all of the following conditions:
the predictabilities of the models are also confirmed by additional validation parameters R 0 2 . the R 0 2 values of the models (1 and 2) are almost nearest to their corresponding R 2 values, whereas models 3 and 4 have a significant difference in their corresponding R 2 values. however, the calculated (R 2 -R 0 2 )/R 2 values for all the models are <0.1 for models 1 to 3. the R 2 pred values of the models are higher than 0.7 for all the models (1) (2) (3) . this shows that the models have predicted the activity of the test set compounds with small residual errors. as demonstrated in the present study, the statistical parameters obtained from the validation study on the selected models satisfy the conditions stated above. this conclusion is well portrayed in tables 3 to 5, where the predicted activity of the compounds through the selected models (models 1-3) is compared with the observed activity, exhibiting very small prediction errors.
the models were further validated by applying the Y-randomization test. the R 2 values obtained from 20 trials based on permuted data are shown in Figure 1 . the R 2 values of the original model were higher than any of the trials using permuted data. hence, the models are statistically significant and robust.
the validation results obtained from various validation studies reveal that models 1 to 3 are statistically significant and have predicted the activities with small prediction errors (residual errors). Model 4 (toxicity) does not provide significant validation results as compared to the other models (1-3), but this model has been considered because of the nonavailability of any other better models for toxicity. the stability, reliability, and robustness of any models also depend on the multicollinearity and the autocorrelation of the models and the descriptors contributed to the models, respectively. Multicollinearity is a statistical phenomenon used in multiple regression models in which two or more predictor descriptors are highly correlated. Multicollinearity does not reduce the predictive power or reliability of the model as a whole; it only affects calculations regarding individual predictors.
to confirm the absence of multicollinearity, Vif values were calculated, with a Vif value greater than 10 an indication of potential multicollinearity problems. in these models, the Vif values are less than 1.6, showing that the descriptors in the selected models are free from multicollinearity (table 6)-that is, none of the independent variables in the models are collinear with other independent variables in the models. 11, 23 it is interesting to note that model 4 provides a Vif value of 1, which is better than the value of the other models.
a dW test was employed to check the serial correlation of residuals (correlation of adjacent residuals). the dW statistic is useful for evaluating the presence or absence of a serial correlation of residuals, or the regression models assume that the error deviations are uncorrelated. if the dW statistic is substantially <2, there is evidence of a positive serial correlation, and a value toward 4 indicates negative autocorrelation. 11, 23, 24 the tabulated upper and lower bound values of a dW test were considered to test the hypothesis of zero autocorrelation against the positive and negative autocorrelations. in the present study, the dW values of all models except model 3 are closer to 2, which show that the values are above the positive autocorrelation and below the negative autocorrelation of the tabulated upper and lower bound values at a 5% significance level (table 6). Model 3, at a 1% significance level for its corresponding tabulated values, does not have any serial autocorrelation. small values of the dW statistic indicate the presence of autocorrelation, but a value less than 0.8 usually indicates that autocorrelation is likely. 23, 24 in the present analysis, the dW values of the models >1 show that the selected models are free from autocorrelation.
the Vif and dW values of the models show that the selected models are significant, and model 4 is totally free from multicollinearity and autocorrelation. however, this model has less significant validation parameters (cross-validated coefficients), and it may also be considered a significant model to explain the structural features of the molecules responsible for the toxicity of the compounds. these statistical analyses confirm that the selected training set models (1-4) are reliable and robust.
Applicability of the descriptors
Model 1 has been developed with the following descriptors: partial charge (PeOe_Vsa_fneg), subdivided surface area (sMr_Vsa1), and surface area, volume, and shape (vsurf_ dd23). PeOe_Vsa_fneg defines the fractional negative charge on the van der Waals (vdW) surface area of the molecules. 16, 25, 26 the partial equalization of orbital electronegativities (PeOe) is a method of calculating atomic partial charges, in which the charge is transferred between bonded atoms until equilibrium. 27 this model shows that the fractional negative charge on the vdW surface of the molecule is important for ftase inhibitory activity. it reveals that some positive charged groups must be present in the active site of the ftase enzyme for better activity. sMr_Vsa1 is defined as the sum of v i for over all atoms i. p i denotes the contribution to molar refractivity for atom i as calculated in the sMr descriptor, calculated in a specified range, from 0.11 to 0.26. this descriptor reflects polarizability and the atomic contribution to molar refractivity. 16 the positively signed coefficient of this descriptor suggests that the polarizability on the vdW surface area of the molecule is favorable for ftase inhibitory activity, which reveals that the ftase enzyme should have some polarizable groups in their active site for better interaction.
the v_surf descriptors depend on the structural connectivity and conformation (dimensions are measured in Å) of the molecules. 16 the vsurf_dd23 descriptor signifies the contact distances of vsurf_ddmin, representing the distances, for the Oh 2 and drY probes, between the best three local minima of interaction energy when the probes interact with a target molecule. the coefficient in this descriptor showed a negative sign, suggesting that the distance between the hydrophobic and hydrophilic region in the molecule and the target should be higher when the probes interact with the target and the should have minimum energy for better inhibitory activity. Model 2 was constructed taking into account the ftase inhibitory activity and the physicochemical descriptors of the molecules, such as the partial charge (PeOe_Vsa+0), the atom count and bond count (b_1rotr), and the conformation-dependent charge (dipoleZ) descriptors. the partial-charge descriptor (PeOe_ Vsa+0) provides the partial charge of an atom (q i ) on the vdW surface area (Å 2 ) of an atom (v i ). this value has a range of q i (partial charge of an atom i) between 0.00 and 0.05. this PeOe_Vsa+0 descriptor uses the PeOe method for the partial-charge calculation on the vdW surface area. the descriptor PeOe_Vsa+0 has a negative coefficient in the model, suggesting that the positively charged groups present on the vdW surface area of the molecule are detrimental for activity. it reveals that the active site of the enzyme might have some positively charged groups for interaction with the molecule, which is in agreement with the result of the earlier model 1.
the b_1rotr describes the fraction of rotatable single bonds, and a bond is rotatable if it is not in a ring. 16, 28 the positive sign of the regression coefficient of this descriptor reveals that the presence of rotatable single bonds in the molecules is favorable for ftase inhibitory activity. it shows that the molecules can have more single bonds when they are in an acyclic structure, and this suggests that the compounds exhibiting a flexible acyclic structure can have significant ftase inhibitory activity.
the conformation-dependent charged descriptor (dipoleZ) is the dipole moment calculated from the partial charges (spatial separation of positive and negative charges) of the molecule at Z coordinates. the dipole moment descriptor is an electronic property that indicates the response of a molecule to an electrostatic field. the dipole moment of the molecule has been correlated to long-range ligand receptor recognition and subsequent binding. 14 the positive sign on the regression coefficient of the descriptor reveals that the dipole moment of the molecules at Z coordinates is favorable for binding to the ftase enzyme. it confirms that the active site of the enzyme may have some polar groups for interaction with the molecules. these models (1 and 2) reveal that the partial-charge, vdW surface area, and molecular flexibility descriptors contribute to inhibitory activity prediction. the obtained results were compared with the active site characteristics of the X-ray crystallographic structures available in the protein data bank. in fact, the two available X-ray crystallographic structures along with benzofuran molecules (PdB codes 2Zir and 2Zis) show the existence of particularly short Zn-n bond lengths between benzofuran derivatives and the catalytically relevant Zn(ii) metal ion in the ftase active site. 29 the important role of this amino acid residue (lys164α, arg291β, and lys294β) for molecule binding to the ftase active site has been previously demonstrated in structural and mutagenesis studies 30 and was the subject of particular attention in some of our molecular dynamics studies, 9 suggesting that against natural peptidic caaX substrates, this residue establishes an important interaction with the negatively charged terminal carboxylate group and makes a very important contribution to enzyme substrate affinity. in addition to this amino acid residue, several other positively charged amino acid residues have been previously implicated in substrate/inhibitor binding. 29, 30 this suggests that the negatively charged groups on the vdW surface of the molecule are important for interaction with the Zn 2+ ion and other positively charged amino acid residues in the active site.
the correlations between herg blocking activity (predicted) and physicochemical descriptors show that the distance and adjacency matrix descriptor (gcUt_sMr_0), the Kier and hall connectivity indices (Kierflex), and the atom and bond counts (a_nO) descriptors contribute to herg blocking activity prediction. the gcUt descriptors are calculated from the eigenvalues of a modified graph distance adjacency matrix. 21, 22 the descriptor gcUt_sMr_0 contributed negatively to the model, and the applicability of the sMr descriptors is same as that of other sMr descriptors present in earlier models. the negative contribution of the descriptor reveals that the smaller polarizability on the vdW surface of the molecules is detrimental for activity.
the topological descriptor Kierflex 14, 15, 28 encodes the structural properties that restrict a molecule from being "infinitely flexible," the model for which is an endless chain of c(sp 3 ) atoms. the value of Kierflex decreases with the presence of structural features considered to prevent a molecule from attaining infinite flexibility for fewer atoms, cyclicity, branching, conjugation, and the presence of atoms with covalent radii smaller than c(sp 3 ). the flexibility in the molecule is important for better orientation and interaction with the target protein. another descriptor contributing to the model is a_nO, which explains that the presence of oxygen atoms in the molecules is important for activity. this shows some positively charged groups or hydrogen bonding groups in the active site for interaction with these oxygen atoms. Model 4 was developed for toxicity (ld 50 ) (predicted) with three physicochemical descriptors (vsurf_dW12, sMr_Vsa4, and BalabanJ). the vsurf_dW12 signifies contact distances of vsurf_eWmin. the vsurf_eWmin describes the lowest hydrophilic energy representing the distances, for the Oh 2 and drY probes, between the best three local minima of interaction energy when the probe interacts with a target molecule. 15, 23 the descriptor in this model showed positive correlation, suggesting that the interaction energies (local minima) when the hydrophilic region has contact with the target should be minimum. if the active site of the protein has hydrophobic properties, then there is less water present in the active site region, and hence the interaction energy will be low.
the subdivided surface area descriptor sMr_Vsa4 describes the polarizability of the molecules on the vdW surface area of the molecules. it is calculated like the other sMr descriptors but in a specified range of 0.39 to 0.44. a negative contribution to the property in this model shows that the vdW surface area of the molecules should not have polarizable groups for the toxicity of the molecules.
BalabanJ is Balaban's connectivity topological index, which explains the connectivity of the bonds. 16 a descriptor in this model that contributes positively to the toxicity prediction of the compounds shows that the number of edges in the molecules should be higher for better activity, which means significant connectivity of atoms in the molecules will provide toxicity. a pharmacophore analysis on the flexialigned structure of the compounds in the series was performed, and the pharmacophoric features are shown in Figure 2 . the flexialigned structure of the compounds shows that the hydrophobic pharmacophore contours (aro/hyd property) are aligned in a particular region, and the other polar pharmacophore contours (acceptor) of the compounds are also aligned in different regions with considerable distance from the hydrophobic regions. these pharmacophore contours (polar and hydrophobic) in the flexialigned structure provide a rectangular shape with a specific distance. the distance between the acc and aro/hyd contours is from 3.71 to 4.47 Å, the distance between the aro/hyd contours is 4.49 Å, and the distance between the acceptor contours is 6.80 Å. this reveals that the distance between the acceptor and the hydrophobic contours (aro/hyd) should be separated by an almost equal distance, and each acceptor contour of the molecules should be separated by a larger distance. the vdW surface properties of the flexialigned structure of the molecules also show a maximum area of the molecules surrounded by hydrophobic properties. the vdW surface properties of the reference compounds and the flexialigned structure show that the reference compounds that have significant distribution of polarity on the vdW surface of the molecules which have a better ftase inhibitory activity (Suppl. Fig.  S1 ). these compounds also have herg blocking activity at lower concentrations, and this may be due to the distribution of the polar property on the vdW surface of the molecules.
the Qsar analysis performed by the Mlr method shows that a polarizability descriptor (sMr, dipole moment) and the partial-charge descriptors (PeOe) are the most important parameters for ftase inhibitory activity. Other descriptors, such as vsurf and molecular flexibility, contribute a smaller percentage than other descriptors (as per beta coefficient values). the present study confirms that the partial-charge groups (negative charge) and polarizable groups (molar refractivity) on the vdW surface area along with flexibility of the molecules are necessary for ftase inhibitory activity and herg interaction of the molecules. this implies that the molecular flexibility of the molecules is the common property for interaction in all targets, whereas the presence of polar groups on the molecular surface determines the favorable (ftase) or unwanted effect (herg and toxicity) of the molecules. the sar of the predicted herg blocking activity with the compounds shows that the compounds with bulky hydrophobic substituents (i-Bu, s-Bu, c-Bu, n-morpholine, etc.) have herg blocking activity at a lower concentration. also, carboxyl substituents (cO-r) with bulky hydrophobic groups have the same kind of results as mentioned above. these results may be caused by the hydrophobic/aromatic interaction of these groups to f656 of the herg protein. 15 the compound, which has s-ch 3 in the r 1 position and cOOh in the r 2 position, exhibits herg blocking activity at higher concentrations. We have had the same kind of results for a lethal effect of the compounds.
these results show that the hydrophobicity of the compounds with flexibility is important for the interaction, which is in agreement with the ongoing research results of our laboratory. the predicted metabolic products of the compounds show that all the compounds undergo aromatic thioether hydrolysis and give r-sh products and may cause a toxic effect when interacting with dna.
in conclusion, the Qsar analysis was performed with Mlr analysis, and the models derived for ftase inhibitory activity, herg blocking activity, and toxicity were validated by different validation methods. the results obtained reveal that the models are statistically significant. the study results give information on the structural relationship between ftase inhibitory and other activities (herg and ld 50 ). this study highlights the importance of polar groups in the molecule for interacting with the positively charged groups on the active site of the enzyme or receptor (possibly the arg202β amino acid residue and the Zn(ii) ion). this study provides guidance for better drug designs according to people's needs for drugs that are devoid of or have fewer toxic effects (herg and other toxic effects).
